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Atomic Resolution y-ray Holography Using the Mdssbauer Effect
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We have observed a strong (2%) angular modulation of the total backscattered conversion electron
yield, measured as a function of the incidence angle of the 14.4-ke¥ys from a’’Co Mossbauer
source irradiating thin epitaxial Fe film grown on MgO(001). The measured 2D pattern is the first
hologram of the local surrounding of the absorbing nuclei obtained due to nuclear resonant scattering of
v rays. The real space holographic reconstruction shows distinct features corresponding to the nearest
neighbor sites in the bce-Fe structure. [S0031-9007(97)04412-8]

PACS numbers: 76.80.+y, 07.85.—m, 42.40.—i

Holography with atomic resolution involving radiation  The additional difficulty iny holography is due to
from internal emitters was proposed by Szoke [1] and ia strong Bragg diffraction obvious for single crystalline
was applied in the last decade for direct imaging of sursamples. Bragg diffraction of rays, observed for the
faces, mainly using low-energy electrons [2—9]. Recentlfirst time by Black and Moon [16], is presently in com-
Tegze and Faigel [10] first discussed atomic resolutioomon use for nuclear resonant scattering of synchrotron
x-ray fluorescence holography (XFH) for bulk crystals.radiation [17]. For internal sources coherent long-range
They also suggested to use for holographyays which interference effects manifest themselves as Kossel lines
are emitted in resonant recoilless processes from nucl§¢l8], similar to those for x rays. The Kossel line pattern
embedded in a crystal (Mossbauer effect) [10,11]. A phobegins to form if the number of scatterers contributing
ton emitted in such a process may reach a far-field desoherently to the pattern is of the order dfx 10* [11].
tector directly (holographic reference wave) or it may beHowever, because of the high spatial frequencies in Bragg
additionally scattered from closely situated nuclei (objector Kossel features one can try to filter them out numeri-
wave). The interference of the two waves gives a singleally [10,11,14].
hologram. The unique total holographic pattern is formed Md&ssbauer holography can in fact be done more ef-
if all emitter neighborhoods are equivalent. ficiently by applying the optical reciprocity theorem as

Nuclear resonant scattering is ideally suited for an innegeneralized for magneto-optical systems [18]. A classical
source holography. For the most popular Méssbauer trarversion of this idea was recently applied to x-ray hologra-
sition 14.4 keV in’’Fe the wavelength of 0.86 A allows phy by Goget al. [14], who developed XFH into multiple-
atomic resolution. On the other hand, for this wavelengtrenergy x-ray holography (MEXH). In this method, which
the nucleus can be treated as a point scatterer. Consean be seen as a time reversal of XFH, the positions of
quently, the resonant nuclear scattering is more isotropithe source and the detector are interchanged. The plane
[12] than the x-ray Rayleigh electron scattering used fowave from a far-field source reaches an atom in a sample
XFH [13]. Finally, the cohereng scattering is sufficiently (the microscopic detector of the hologram) directly or af-
strong @.on = 3 X 107* A2 [12]). We have calculated ter being scattered on neighboring atoms. The measured
that for a modef’Fe cluster the holographic oscillations quantity is the total fluorescence yield. Via the MEXH
should be 3% of the reference wave, compared to 0.1%method x-ray holography may be done using strong syn-
0.3% observed in x-ray holograms [10,14]. Note also thathrotron sources. Elimination of twin images becomes
the hologram acquisition time scales with the square of thpossible by applying a multienergy hologram reconstruc-
effect. The cross section value is however small enougtion algorithm, as successfully applied previously to elec-
to justify the neglecting of self-interference effects [15]. tron holography [4,5,7-9].

In spite of its promising perspectives, a straightforward In a similar way, but without the multiple-energy
realization ofy holography, as proposed by Tegze andoption, we have performed “inversey-ray Mossbauer
Faigel [11], is experimentally difficult. A monocrystalline holography as shown in Fig. 1(a). A photon from an
sample ofP’Fe (only 2.18% abundance) had to be madeexternal y source can be absorbed in the recoilless
into a strong radioactive source by introduciAgCo. resonant process by a nucleus in a crystal or it can
Because of the high value of the internal conversiorbe additionally resonantly scattered. The interference of
coefficient for the 14.4 keV transitiofe = 8.21) one these processes gives holographic oscillations of the total
needs a few tens mCi strong source to obtain a hologramumber of deexcitation events measured as a function of
in a reasonable time (months). the y-ray incidence angle. Rayleigh electron scattering
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) Thin epitaxial films which are relatively easy to prepare
using molecular-beam epitaxy (MBE) make an exception.

Moreover, Méssbauer measurements using conversion
electrons are very efficient, permitting us to obtain a
| Dee=F spectrum even for a single atomic layer of iron [19].
ok //:L“c‘ggg In our experiment we have used a 2000°%e film

Ny epitaxially grown by MBE on a polished0 X 10 X
1 mm? MgO(001) single crystal substrate held at 430 K.
LEED and x-ray diffraction (XRD) measurements proved
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1391 that the film consisted of small (00IFe crystallites
(b) Méssbauer oriented with respect to the MgO substrate in such way that
transducer the F§100] direction was parallel to Mg 10]. Similarly
0, CALAA— l grown films of natural iron were investigated by us using
Y OO0 in situ scanning tunneling microscopy. For 200 A films
we observed an island growth with the average diameter
sample in detector of 100 A. This value coincides well with the broadening

of the LEED and XRD peaks observed for our holographic
sample. Characterization of our sample by the magneto-

(c) (d) veo "__\‘—I optic Kerr effect showed a narrow hysteresis loop of Kerr
[ V=Y,

rotation with the coercive field of 20 Oe and the in-plane
I easy magnetization axis parallel[t0].

VAV | Lveal (Ve W M The system described above fulfills ideally the require-
. . AT ments of the holographic experiment. Almost all ab-
Sl M {« ’ sorbing nuclei have the same local surrounding, but the
et A I e N3 long-range periodicity is disturbed by the islandlike struc-
s o s oaw T T e ture of the film. This attenuates long-range interference
Doppler velacity [mmis] Channel number effects and reduces strong but unwanted phenomena such

FIG. 1. The basi tof Missb hol as x-ray Bragg scattering or Kossel lines [19,20].
1. e basic concept of inverseray Moéssbauer holog- i ; G
raphy. (a) A photon from an external-ray source irradiat- The sample was placed inside the conventiona

ing an ordered sample at variable angle is directly adsorbedjlled proportlonal electron counter [21].  The sample, to-
by the nucleus or is additionally scattered by nearby nucleigether with the detector, could be rotated about two per-
The hologram is formed due to interference of these processependicular axe§100] and[010] (lying in the plane of the
The deexcitating nucleus is a microscopic detector of the holosample) by angle®, and 6,, respectively, as shown in

gram. (b) Experimental setup. A conventional Mossbauer; ; ;
spectrometer is modified to enable the rotation of the de-FIg' 1(b). This geometry of rotation was chosen because

tector (flow proportional electron counter). (c) Conversion of the expected tWO'fQId pattern symmetry —the measure-
electron Méssbauer spectrum of the holographic sample. Th&ient was performed in the remanent state, after saturating
velocities used for hologram acquisition are marked. (d) Thethe film magnetization in thEl00] easy direction.
drive signal fed to transducer moving in the three-constant- A conventional 100 mCi®’Co(Rh) y-ray source of
velocities mode and the corresponding content of mult|scaleg mm diameter was moved by a Méssbauer velocity trans-
channels. |
ducer. The sample-detector distance was 15 cm. The
transducer was driven in a three-constant-velocity mode.
(as in XFH and MEXH) gives also a certain contribution Two of the velocities corresponded to the outermost
to the hologram (about 20%, as estimated from thdines (circularly polarized) of the previously measured
comparison of the corresponding cross section valueBldssbauer spectrum [Fig. 2(c)]. The third ohe= 0),
[12]). The possible deexcitation products are reemittecorresponding to an off-resonance condition, was used for
v rays and products of internal conversion: x rays andlata normalization. The acquisitions were made sepa-
electrons. In the case 8fFe the detection of electrons, rately for each velocity using multiscaler time synchro-
7.3 keV K- and 13.6 keVL-conversion electrons as well nized with the signal fed to the transducer [Fig. 1(d)].
as 5.4 keVKLL and 6.2 keVKLM Auger electrons, The total number of counts in channels corresponding to a
is the most efficient. The small electron escape deptleonstant and well defined velocity, normalized to the total
(2000 A for inelastically scattered electrons) compared t@f nonresonant counts, was taken as the single pixel value
v and x rays is compensated by the high value of theof the pattern. Normalization was necessary to overcome
internal conversion coefficient and an easy detection ovetime instabilities of the detection.
the full solid angle using a proportional flow detector. The original pattern was recorded ordé; X df, =
The method requiring a single-crystal compound of iron1.8° X 1.8° angular mesh in the range from43.2° to
containing only the’’Fe isotope seems to be impractical. +43.2° for both angles.
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(a) 101 F ] space mesh is presented in Fig. 2(c). The hologram mul-
i ;ﬂfiﬁ% % E{#}H}}ﬁﬁ | tiplied by an apodizing window function was then re-
ﬁgﬁﬁ 2 constructed to a real space using the Helmholz-Kirchoff
0.98 - formula [2]. Two-dimensional slices of the real space re-
R o G construction obtained from the nonsymmetrized hologram
o géﬁ‘ﬁgg@ﬁz* * are shown in Fig. 3. Slices in the (001) plane parallel
098 I and in the (010) plane perpendicular to the film surface,
0 30 0 20 60 both at a distance of 1.43 A from the emitter (the in-
Fast scan angle 6, [deg] terplanar spacing for bcc Fe) are presented in Figs. 3(a)
b and 3(b), respectively. The positions of the actual atomic
() crystal sites correspond to the centers of depicted ellipses.
The theoretical resolution resulting from the accessible
range is reflected in the lengths of their axes. Roughly,
the lateral resolutiothx = 0.76 A and vertical resolution
Az = 3.12 A were calculated according to Ref. [24]. The
most intense features of the reconstruction overlap with
the nearest neighbors positiondnFe. A small but vis-
ible asymmetry in both the measured pattern and in the
holographic reconstruction is caused by strong polariza-
tion effects and/or interference between nuclear resonant
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FIG. 2. (a)#, scans of the normalized electron yield obtained
for the fixed values of the slow-scan angle. (b) The full
pattern of the normalized scans. (c) The hologrant ispace
obtained from the pattern presented in (a) after background

removal and low-pass filtering. The maximum oscillations are
about 2%.

°
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Figure 2(a) shows 1@, scans of the normalized elec-
tron yield obtained for a fixed value of the slow-scan
angle #,. The full pattern of raw (normalized) scans,
obtained in about 120 hours, is presented in Fig. 2(b).
The number of counts for this pattern is of the order
of 5 X 10° per pixel. As expected, holographic oscilla- 4.0 0.0 -4.0
tions of about 2% are visible. A slowly varying back- 100] [A]
ground was derived by Gaussian low-pass convolution as
described by Harpt al. [22] and then subtracted from the FIG 3. Holographic reconstructions of atomic positions: (a)
pattern. Additionally, a low-pass Gaussian filter was ap”* (001) cut in a plane 1.43 A from the emitter. (b) A (010)

lied h i . d limi “Meut in a plane 1.43 A from the emitter. The ellipses have
plied to the resulting pattern in oraer to eliminateé NnoISe gimensjons equal to theoretical resolutions in various directions

The processed hologram interpolated to a conventent and are centered on atomic sites.
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